The contribution is focused on investigating the heat transfer via natural convection which originated as an effect of changed air density by heating the horizontal sample in the area given. For this research we used samples of a new material made in the Russian Federation -the foam concrete which was reinforced by PET fibres. The samples were heated by an electric heating device from the bottom. The temperature fields originating above the horizontal sample surface were visualised by means of the holographic interferometric contactless method in real time. The holographic interferograms of the temperature field were analysed, and then the local heat transfer parameters were calculated: the heat transfer coefficient α, and the heat conductivity coefficient λ.
INTRODUCTION
Nowadays, regarding the very specific requirements for heat protection of buildings and structures, the demand for high-quality structural heat-insulating porous materials, including non-autoclaved foam concrete, has significantly increased. Foam concrete has found wide application in industrial and civil low-rise construction due to the fact that compared with ordinary concrete it has a number of advantages, such as the best thermal insulation properties, high processability, environmental friendliness, and water resistance. It is used for external and internal masonry walls, insulation of roofs and attics, sound, and thermal insulation of interfloor overlappings, and thermal insulation of pipelines.
On the other hand, the promising direction of foam concrete production using non-autoclave technology has a number of drawbacks as well, and as such it needs quality improvement in terms of the finished product. The solution to several technological issues en bloc could be represented by a dispersed reinforcement of foam concrete with various types of fibres.
Studies of a number of authors [1] confirm that the introduction of fibres in the foam concrete mixture provides:
• improving the strength characteristics of concrete by increasing the crack, impact, and wear resistance, static strength under various force effects [2] ; • improving the operational reliability of structures under the influence of aggressive environment by improving the structure of the material [3] ; • reducing the shrinkage deformations through the formation of a spatial reinforcing frame [4] . A very promising, however, less known material used also for concrete reinforcement are polyethylene terephthalate (PET) fibres obtained via their waste recycling. PET fibre is a synthetic thermoplastic polymer which can improve the concrete quality.
However, the usage of such fibre types for concrete reinforcement has been considered not economical, particularly due to its high costs. The good news is that the PET-raw material conversion laboratory based in the Votkinsk Branch of Izhevsk State Technical University has the platform for such fibre production. The laboratory staff has developed a new method of PET-fibre acquisition, reducing thus the production costs, and at the same time solving a number of environmental issues regarding its application.
Journal homepage: https://content.sciendo.com At this stage, the composition of structural heat that is insulating the non-autoclaved foam concrete reinforced by PET fibre is being developed and patented; the influence of polyethylene terephthalate fibre on the structure, as well as its properties, are being established. In addition, it has been proven that the PET fibre integration in the amount of 0.7 % of the total mass into the foam concrete mixture composition has led to the improvement of the strength properties by 40 % [5] . Here it has to be complemented, that the heat-insulating properties of the foam concrete reinforced by PET fibre have not been studied so far.
Experimental methods play an important role in solving the tasks within the base or applied research. The methods are used to verify the results of theoretical calculations or precision of mathematical calculations, and sometimes, they represent the only solution. The optical method of holographic interferometry belongs also to these experimental methods.
The holographic interferometry provides its user with the information acquisition about the format of an observable (macroscopic) interferometric figure in which there is encoded information characterising at least one physical state of the object observed [6] . A few researchers have dealt with the research of heat transfer by means of holographic interferometry, e.g. Mayinger, Panknin [7] dealt with the holography in heat and mass transfer. Taucher [8] carried out several experiments in heat and mass transfer by means of holographic interferometry. Binu et al. [9] described the whole field NDT of porous materials using digital holography. Černecky, Pivarčiova [6] observed temperature fields by holographic interferometry. Pavelek et al. [10] described the visualisation and optical measurement methods in detail. Herman [11] executed a theoretical analysis of the quantitative visualisation of heat transfer in oscillatory and pulsatile flows. Lédl et al. [12] used holographic interferometry for the measurement of the temperature field in a fluid. Haridas, Sobhan [13] measured convective heat transfer from a vertical flat plate using the Mach-Zehnder interferometer with the wedge fringe setting. Dančová et al. [14] described holographic interferometry as a tool for visualisation of temperature fields in the air. Yogesh et al. [15] provided a review on natural convection heat transfer through inclined parallel plates. Černecky et al. [16] dealt with the heat transfer area roughness on heat transfer enhancement by a forced convection. Verma et al. [17] wrote about optical interferometers: their principles and applications in transport phenomena. Zhu et al. [18] described the temperature measurement of an inclined cylinder using optical interferometry. And finally, Anooplal, Binoy [19] focused on the investigation of the heat transfer properties of nano-fluids using Michelson interferometry.
In the contribution we focus on the observation and analysis of temperature fields through the new material -foam concrete reinforced by PET fibres, which has been developed in the Russian Federation. We utilized the method of holographic interferometry allowing us to visualize the temperature fields without interrupting the area observed, and at the same time, it has allowed making the transparent inhomogeneities in the whole observed area visible. This provided us with a compact image of the researched area in real time.
The method uses the change of air density which causes the change of refractive index and influences thus the spread of light beams. The method of interferometry allows measuring the refractive index while observing the temperature fields at the same time.
Considering the quantitative analysis of holographic interferogram figures, the temperatures and local heat transfer coefficients -the heat transfer coefficient α and the thermal conductivity coefficient λ -were calculated.
SUBJECT & METHODS

A. Foam concrete
The structural heat efficiency of the insulating materials is estimated by the thermal conductivity coefficient λ. Depending on the density of the reinforced foam concrete, the thermal conductivity coefficient ranges from 0.07 up to 0.35 W/(m ºC). The higher the density, the higher the thermal conductivity coefficient. The heat conductivity of foam concrete also depends on the nature of its porosity, the size, as well as on the number of pores, the content of water vapour, or water in a drip state, and on the humidity.
The structural heat samples of the insulating non-autoclave foam concrete with the density of 600 kg/m 3 made in the Votkinsk Branch of Izhevsk State Technical University via the classical production technology were used for experimental research. PC400 Portland cement, river sand, water, a foaming agent, and reinforcing PET fibre were used as raw materials.
B. Method of holographic interferometry for transparent object research
Holographic-interference methods for researching the transparent objects are based on mutual activity of two coherent waves, one of which is deformed by the transfer through the optical inhomogeneity, and the other one transfers through the reference unimpaired area. Subsequently, on the focusing screen, it is possible to observe alternating maxima and minima of light intensity (interference stripes), and hence determine the changes of the refraction index in the researched area. The holographic interferograms allow the direct and qualitative evaluating of the action observed. For the qualitative evaluation it is essential to determine the arrangement of the refraction index, and subsequently, calculate the required physical quantities [20] .
In the experiment we used a real-time method "InfiniteFringe". Sometimes, the method is also called "living fringes". The real-time method allows observing of interference figure changes and simultaneously also observing the changes of phase inhomogeneity in real time.
On the holographic board the reference state is recorded (usually by the temperature of the surroundings) -the image of an object wave ε (without the phase inhomogeneity), and the image of a reference wave εr ( Fig.1.a) ).
Once the hologram is photochemically processed, it is located in the same place and in the optical arrangement it was exposed.
In the beginning (i.e. before heating), the object wave is identical with the original state for which the reference hologram was recorded. By the adjustment of the interferometer of the infinite stripe width no interference stripes will be observed ( Fig.1.b) ). Now, it is possible to start with the heat transfer we would like to research. Heating causes the refractive index. If there is a load of heat, the object wave will be shifted by a phase due to the change in temperature ( Fig.1.c)) .
The difference between the reference state recorded earlier and the new state in the measured area, i.e. the phase shift between reference and object volumes is visualized in the form of a macroscopic interference pattern. The observer sees the interference stripes originating by the interference of both waves moving due to the change in temperature. The interference pattern can be observed and recorded in real time. Fig.1 . Real time method. a) record of object and reference waves on a holographic board, b) reconstruction without optical inhomogeneity, c) reconstruction by optical inhomogeneity activity, ε -object light wave, ε' -deformed object light wave after temperature field transfer, εr -reference light wave, HB -holographic board, O -object lens, C -camera.
The advantage of the real time record is represented by the possibility to observe the time course of the interference image development via one hologram in the beginning state as well as by the possibility to record the stages of the object state, and what is more, it is also possible to observe the dynamic actions.
C. Mach-Zehnder interferometer
The holographic Mach-Zehnder interferometer for researching transparent objects in real time belongs to the mostly used interferometers for visualizing the 2D transparent objects, e.g. the temperature fields. A typical optical set for the holographic interferometry is shown in Fig.2 . This interferometer type allows only studying of 2D or rotary symmetric objects, therefore, it is primarily utilized for the research of temperature fields in cracks or in the surroundings of simple rotary symmetric forms.
The holographic Mach-Zehnder interferometer can interfere with a holographically recorded object volume corresponding with the reference object state (reconstructed via a holographic reference volume), and a real object volume whose wave surface was deformed by transferring through the measured object. By setting the interferometer to the infinite stripe width, the geometry routes of the object and reference lines have to be of the same length. In this case, the stripes originate only due to the changes in the refraction index.
After the reflection from the mirror, the laser beam (M1) is divided on the division board (D) into two volumes -object and reference volumes. A part of the beam -divider (D) transmits and the light is spread in the original direction. By the means of further mirrors (M2, M3), and by the mirror located in the cardan suspension (CM), the beams are directed into the place where the holographic board (HB) is located. To be able to record a wider field, the beams have to be widened via telescopic sets (MO1 + C1 + O1, MO2 + C2 + O2) to wide volumes.
The object volume of beams (OL) transferring the phase object above the testing solid (TO) strikes upon the holographic board (HB) gripped in a holder (DH). The other volume of parallel beams (reference line RL) strikes upon the mirror placed in the cardan suspension.
By turning the mirror (CM) around two mutually independent axes, it is possible to adjust the finite or infinite stripe width in the reference area behind the hologram. Fig.2 . Scheme of the holographic variable -one-wave MachZehnder interferometer. OL -object line, RL -reference line, Ddivider, HB -holographic board, DH -holder of holographic board, CM -mirror in cardan suspension, O1, O2 -object lenses, M1, M2, M3 -mirrors, B1, B2 -perforated blinds, MO1, MO2 -microscopic object lenses, TO -testing object, HTO -holder for gripping the testing object, C -camera, G -ground-glass, OS -object lenses system. The hologram is obtained by the simultaneous exposure of the holographic board via two light volumes by the homogeneous arrangement of the refraction index in the measured area, i.e. without entering the phase object.
Once the holographic board is processed photochemically, it is possible to reconstruct the original object volume which in real time interferes with the real object volume deformed by optical inhomogeneities, i.e. if it comes to an interruption in any place in which the light refraction index changes, e.g. if the air density is changed due to the changes in temperatures, the local values of the optical light route change as well. Any change in the arrangement of the refraction index deforms the real object wave and appears in the form of interference stripes occurrence.
As the source for the holographic interferometry we used He-Ne laser with the wave length of λ = 0.6328.10 -6 m with the continuous power exposure of 50 mW and having the required time and space coherence.
D. Analysis of holographic interferograms
Regarding the holographic interferogram analysis, it is assumed that the experiment is mainly two-dimensional along the optical axis, therefore, the refractive index is constant along every light beam. Further on, an equation connecting the refractive index with the temperature (via its density) is needed so that the refractive index could be transferred to the absolute temperature [17] .
For ideal gases whose refractive index differs only a little from 1, the Gladstone-Dale relation follows [6] , [10] : (1) where n -refractive index, ρ -density, K -Gladstone-Dale constant.
The Gladstone-Dale constant depends on the gas type and on the wave length of used light. The relation (1) is basically an equation of the state for an ideal gas since it binds two state quantities, i.e. the refractive index and gas density. The refractive index of dry air for the light wave length of λ = 632.8 nm (for He-Ne laser) can be calculated according to [10] , and [6] :
where n -refractive index, ρ -density, p -air pressure, Tair temperature. The air humidity influences the refractive index only a little. To derive the air refractive index according to the temperature, the relation follows [6] :
where n -refractive index, p -air pressure, T -air temperature.
To derive the relations necessary for the quantitative evaluation of interferograms, we need to describe the interference origin in a mathematical way.
The planar coherent light wave transferring the transparent area with the length l is deformed while the ideal interferometry assumes the deformation of the wave surface and neglects the light beam curvature which should always be perpendicular to the light wave front. In the evaluation of the interferograms, the equation for the optical routes difference ∆o caused by the change of the environment refractive index via an optical inhomogeneity is assumed: ,
where ∆o -optical routes difference, l -length of model, n(x, y) -refractive index in the points x, y of phase object, n∞ -refractive index in the reference area (refractive index of measuring area without a phase object). For a two-dimensional transparent object after the equation implementation (4), it follows:
.
If the deformed light wave interferes with the planar wave of the reference volume, an interferogram is originated. Then, to change the interferometry order ∆S(x, y), it follows: ,
where ∆S(x, y) -change of interferometry order, λ -wave light length. The interferometry research is aimed at calculating the physical quantities in observed transparent objects. The quantities can be derived from the primary quantities (light refractive index). If we consider a constant pressure, then the temperature arrangement can be calculated directly from the interference order.
The change of the interference order ∆S(x, y) gains the following values:
∆S(x, y) = …; -2; -1; 0; 1; 2; … in the positions of light stripes, ∆S(x, y) = …; -1.5; -0.5; 0.5; 1.5; 2.5; … in the positions of dark stripes.
The aforementioned way of interference order allocation follows for setting the interferometer onto an infinite width of interference stripes in the reference area (in the homogenous object area the change of the interference order ∆S(x, y) = 0), when the reference and object waves in the homogenous object part are parallel.
From the equations (4) and (5) it is possible to derive the equation of an ideal interferometry of which the refractive index n(x, y) in the evaluated area is stated as a function of the refractive index in the reference area n∞, and the changes of interference order ∆S(x, y), the light wave length λ, and the length of the model l in the direction of beam spread are determined as well.
The equation of an ideal interferometry is derived providing that the presented optical inhomogeneity causes a negligibly small deviation and shift of the light beam and has the shape according to [6] . ,
where n(x, y) -refractive index in x, y point of the phase object, n∞ -refractive index in the reference area, ∆S(x, y) -change of interference order, λ -wave light length, l -length of the model. To evaluate the interferograms, it is necessary to know the physical regularity of the state quantities (density, temperature, and concentration) and the arrangement of the refractive index in the optical inhomogeneity caused by the change of the quantities mentioned.
The functional dependence of the temperature on the state quantities of the surroundings, on the length of the model, on the light wave length, and on the number of dark stripes from the position of the inhomogeneous area are determined according to [20] :
where T(x, y) -arrangement of temperatures, temperature in related interference order, T∞ -air temperature in reference area, p∞ -pressure in the given area, s -interference order, λ -light wave length, l -length of the model.
E. Calculation of the heat transfer coefficient
The heat transfer coefficient is a quantity used when we need to determine the share of heat between two areas separated by a fixed board-shaped counter made of a homogenous material. It can be calculated from an inverted value of the specific thermal resistance Rk of the heat transfer through the counter from one area to the other one. In civil engineering, the heat transfer coefficient is called the heat permeability and it is designated as U.
By the air circumfluence of the objects' surface with the temperature T∞ different from the surface temperature Tx in the position x, the local heat transfer between the surface and the air occurs here. The local coefficient value of the heat transfer αx depends on many factors, e.g. on the type of the liquid, on the speed of the flow, on the shape of the surface, on the position of the observed area, or on the difference of temperatures between the surface and the air [20] .
The local heat transfer coefficient value can be calculated from the equation [10] :
where λ -heat conductivity coefficient (determined by the surface temperature), Tx-surface temperature in the position x, T∞ -temperature of the surrounding area. From the measured or calculated shape of the temperature profile, the difference of temperatures Tx -T∞ and the temperature derivation can be expressed.
For calculating the local heat transfer coefficient, it follows [10] :
This way of calculating the heat transfer coefficient is practically applied in the interferometric heat transfer research since the interferograms provide us with the detail temperature arrangement in the liquid [10] .
F. Calculation of heat conductivity coefficient (specific heat conductivity)
We assume having a horizontal planar board heated from the bottom and with the surface temperature t1 on the heated side and the temperature t2 on the top. According to Fourier's law the density of the heat flow q is:
where λ is heat conductivity coefficient (specific heat conductivity). For the density of stabilised heat transfer q through the board with the width of d it follows:
If the temperature of the area gas (or liquid) above the board is t∞, then according to Newton's law for the density of the heat flow it follows:
where α is the heat transfer coefficient. From the equality of thermal heat flow density through the board it follows:
of which the unknown heat permeability coefficient of the board can be calculated:
RESULTS
For heat transfer measurement above the sample the testing objects of foam concrete with the dimensions of 40 × 40 × 10 mm were used. Two electric board-shaped heaters with the overall input power of 300 W together with the possibility of manual regulation of the thermal capacity within 15-100 % were used.
The holographic interferograms of the temperature field above the heated testing object were recorded by the surrounding area's temperature of 23.5 °C (296.65 K) and the pressure of 98 100 Pa.
The holograms were recorded by the setting of the MachZehnder interferometer onto infinite width of interference stripes in real time. During the experiments, we observed the temperature field arrangement above the testing object as it represents all three types of the heat transfer (conductivity, radiation, and convection) and the thermal-physical properties of the testing object as well.
The theory of heat sharing is quite expansive, it deals with the heat transfer processes. Heat transfer is an imbalanced thermo-dynamic activity running with a finite speed in space and time. The heat sharing is conditioned by the heat difference existence. The heat sharing is a very complex activity, nevertheless, it is possible to classify it into: heat sharing via conductivity, convection, and radiation. In real world these heat sharing types do not occur as isolated ones but in various combinations.
In our experiment, the heat transfer was a combined type of heat sharing between two areas separated by a counter. The heat transferred from the warmer area with the temperature t1 and entered the fixed counter via convection, conductivity, and radiation, and it came out into the colder air with the temperature t2 via convection, conductivity, and radiation again.
We focused on the solution to a simplified case: the heat transfer via natural convection caused by the change of air density in heating the horizontal sample in the area given. The difference in air densities caused by the different temperature on the surface of the heated sample and its surroundings, activated the buoyant forces causing thus the rise of the air; and at the same time the colder air flew into its place as the heat transfer via conductivity ran as the first one and the heat transfer via convection came only after. The higher the difference of the temperatures between the counter and the air, the more intensive the air convection was.
Figure of holographic interferograms obtained experimentally is shown in Fig.3 .
The results of the interferometric visualisation of the temperature fields in transparent objects are represented by the images of interferograms which can be evaluated both by quantitative or qualitative ways. Regarding the fact that every line was the line of constant stage, it was also the line of the constant refractive index. When evaluating the interferograms of 2D temperature fields in a qualitative way, and by setting the interferometer onto the infinite width of stripes in the reference area, the interference stripes then represented the phase object spots with the same value of the refractive index, i.e. isotherms of the temperature fields (spots with a certain temperature). If they were close to each other, it meant there was a high thermal gradient (a large change of temperature in a small area). The stripes located further from each other presented areas with almost the same temperatures. From the obtained holographic interferograms the quantitative analysis was carried out as well. For the quantitative evaluation of visualised records it was necessary to state the refractive index arrangement in the object, and subsequently calculate the arrangement of required physical quantities, in our case the temperatures were calculated according to (8) . The determination of the refractive index change arrangement was possible via the interferogram of the recorded interference order change, as the interference order arrangement depended only on the refractive index arrangement in the observed area. Fig.4 . shows the course of temperatures above the heated sample after 33 minutes heating.
Further on, from the interferograms the local heat transfer coefficients αx were calculated according to (9) by using the temperature of the counter surface and the temperature and distance of the first interference stripe above the counter.
The images of the holographic interferograms showed here that where there was the lowest air flow, there was also the highest gradient, i.e. the temperature gradient was the highest one and the individual isotherms were close to each other.
In the areas where there was the air flow (by the finite width of the sample it was in the middle of the sample), the specific bell-shaped stripes occurred, and there the temperature gradient was the lowest one and the individual isotherms were more distant from each other.
The heat transfer coefficient alfa was evaluated in these areas of specific bell-shaped stripes. The denser the stripes, the higher the heat transfer coefficient α was. In the specific bell-shaped interference stripes there was lower heat conductivity, and there was also higher resistance on larger distance, and lower gradient.
The higher the heat transfer coefficient, the higher the thermal flow transferring the area, and vice versa, the lower the heat transfer coefficient, the lower the thermal flow was as well, i.e. the heat resistance by entering the area was higher.
To calculate the heat conductivity coefficient, we used the local heat transfer coefficient α = 1.54 W.m -2 .K -1 obtained by evaluating the cross-section of the interference stripes above the middle of the sample. By using (15), we determined the value of the sample's heat conductivity coefficient λ = 0.025 W.m ), this value of heat conductivity was lower, i.e. the used sample of the foam concrete developed in the Russian Federation showed lower heat conductivity which meant it had a higher heat resistance and thus it was a better insulator.
CONCLUSIONS
The methods of holographic interferometry open new possibilities for heat transfer but also for the research of physical and mechanical characteristics of strength and deformation of materials [22] , [23] .
In the contribution we focused on the heat transfer research via natural convection by heating the horizontal sample from the bottom. For the research we used the samples of the new material developed in the Russian Federation -the foam concrete reinforced by PET fibres. The samples were heated by an electric heater from the bottom.
The temperature fields originating above the surface of the horizontal sample were visualised and recorded by the setting of the Mach-Zehnder interferometer onto an infinite width of interference stripes in real time. The quantitative analysis of the holographic interferogram images provided us with the local heat transfer coefficients αx necessary for subsequent calculation of the heat conductivity coefficient λ.
Our experiments proved that the more porous the material was, the worse was the material's heat conductivity. The calculated value of the heat conductivity of the newly developed foam concrete λ = 0.026 W.m ), i.e. that the used foam concrete sample showed lower heat conductivity, it had higher heat resistance, and as such it was a better insulator.
The boost of ICT together with the development of natural science, technologies, or economics, as well as the development of mathematical analysis provided the science with a massive progress in solving the aforementioned issues. Adequate and efficient computers allow elaborating of a highly accurate analysis of process models describing the physical features of things more precisely [21] .
The experiments showed that the used manual regulation of the heat performance is less efficient and that it is very difficult to achieve a stationary process state. Therefore, the electronic regulation of heating with the possibility of setting the required temperature below the tested sample is being prepared. This will help achieve a stable stationary process of heat transfer as well as help gain the possibility of more precise research of thermal-insulation properties of tested materials.
Depending on the purpose and conditions of operation, a new type of reinforced foam concrete can be used as a heat insulating and structural heat insulating material, including in the Far North. It can also be a solution to the problem of sound insulation of compressor stations and busy highways (usage as enclosing panels). This direction requires additional research.
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